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論文内容要旨 
 
In particle physics, there are four kinds of interactions, the gravitational, electromagnetic, weak, 
and strong forces. The unification of these interactions is a longstanding problem of theoretical 
physics. The three forces except for gravity are successfully described by the standard model of 
particle physics. This model is based on the quantum field theory with the gauge symmetry 
U(1)×SU(2)×SU(3). On the other hand, gravity is described by general relativity at the classical level. 
However, at the quantum level general relativity is not renormalizable, and the unification of all 
interactions is still an open problem of theoretical physics. Hence, the establishment of the quantum 
theory of gravity is a key problem to formulate the unified theory of all interactions.  
 
String theory is a promising approach towards the quantum theory of gravity. In string theory, a 
fundamental object is a string rather than a point particle. It is known that there are five types of 
string theories, i.e. the type IIA, type IIB, type I, SO(32) heterotic, and E8 × E8 heterotic string. 
Although the formulations of these theories are different, they are believed to be originated from a 
single theory, called the M-theory. However, the fundamental degrees of freedom of M-theory are 
simply unknown, and the direct definition of M-theory is still missing.  
The matrix models are proposed as an alternative formulation of the string theories and M-theory. 
Their dynamical variables are given as matrices. In such models, the notion of spacetime is not given 
a priori, so the matrix model is very different from the ordinary field theory and the string theory. 
Banks, Fischler, Shenker, and Susskind proposed the BFSS matrix model as the alternative 
formulation of M-theory. On the other hand, Ishibashi, Kawai, Kitazawa, and Tsuchiya proposed the 
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IKKT matrix model as the constructive definition of the type IIB string theory.  
Although there are many analyses of these matrix models, the description of spacetime and also 
gravity on the spacetime is not fully understood. The key property of the matrix models to investigate 
their geometry is their connection to the noncommutative space. The noncommutative space is 
mathematically a space in which the product of the functions is not commutative. In this thesis, we 
use the star product of the deformation quantization to describe the noncommutative product of the 
functions. More specifically, it is known that the gauge theory on the noncommutative space can be 
naturally obtained from the matrix models. Thus, we discuss the mechanism to extract the 
geometrical description of the matrix model from this gauge theory.  
It is known that the gauge theory on the noncommutative flat space can be rewritten in a similar 
form to the gauge theory on the curved background via the so-called Seiberg-Witten map which 
relates the noncommutative gauge theory and the ordinary gauge theory. The curved metric of the 
resulting background is called the effective metric, since it couples to the matters as the metric. The 
curvature of the effective metric is nonzero if the gauge field strength is nontrivial, even though the 
original noncommutative space is flat. This phenomenon is called emergent gravity or emergent 
geometry.  
In the previous study of the emergent gravity, the gauge theory on the flat noncommutative plane 
with constant Poisson tensor is discussed. In this thesis, we give the extension of the argument of 
the emergent gravity to the gauge theory on the noncommutative curved space. To be more specific, 
we consider the case with the gauge theory on a noncommutative homogeneous Kähler manifold. 
Based on this gauge theory, we construct the Seiberg-Witten map, and we obtain the effective metric 
from the gauge theory on the noncommutative homogeneous Kähler manifold [1].  
 
The other theoretical framework used in this thesis is the contravariant gravity. In the emergent 
gravity, the effective metric is obtained from the gauge theory on the noncommutative space as we 
mentioned above, and thus its geometrical meaning should be clarified from the point of view of 
gravity in the noncommutative space. However, compared to the gauge theory, the gravitational 
theory on the noncommutative space is not well-understood. In this thesis, we consider the 
contravariant gravity, the gravitational theory on the Poisson manifold, to clarify the geometrical 
meaning of the emergent gravity. The Poisson manifold always appears from the noncommutative 
space by the first-order approximation of the star product. Thus, we use the contravariant gravity 
as the gravitational theory on the noncommutative space in the first-order approximation. In this 
thesis, we formulate the Einstein-Hilbert-type Lagrangian which is invariant under both 
diffeomorphism and the so-called β-diffeomorphism, and also present several properties of the 
contravariant gravity [1,2]. 
Based on these results, we discuss a relation between the contravariant gravity and the gauge theory 
on the noncommutative space [1]. The Poisson tensor fluctuation in the contravariant gravity can be 
identified with the gauge field in the emergent gravity. This identification is confirmed by showing 
that the Poisson condition in the contravariant gravity becomes the Bianchi identity of the gauge 
field, and we find that the curvature in the contravariant gravity is the same with the curvature of 
the effective metric, in the first-order approximation. We also prove that this relation holds in the 
case of the noncommutative Kähler manifold. In this way, we show the relation between the 
contravariant gravity and the emergent gravity in the first order of the Poisson fluctuation and in 
the first order of the Seiberg-Witten map of the gauge field, respectively.  
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論文審査の結果の要旨 
 
本学位論文は，量子重力理論に関する二つのアプローチに関して，彼の行った研究の成果をま
とめたものである．一つは，ポアッソン多様体上の重力理論を構築するという問題に関する結果
である．このような理論は，非可換空間上の重力理論の非可換性のパラメータの１次の近似を行
った場合に出現する理論と考えられており，反変重力と呼ばれている．この論文においては，そ
のような理論の形式に重要な対称性の性質を明らかにし，Einstein-Hilbert 型の作用に関してそ
の対称性の位置づけを与えている．２番目の結果には，非可換空間上のゲージ理論における
Seiberg-Witten 写像に関する研究である．Seiberg-Witten 写像は非可換空間上のゲージ理論を可
換空間上の非線形ゲージ理論に写像するものである．この写像を，曲がった空間の変形として得
られる非可換空間（特にケーラ構造の入った空間）上のゲージ理論に関して，Seiberg-Witten 写
像の具体形を新しく構成している．さらに，この Seiberg-Witten 写像は，創発重力と呼ばれる，
弦理論の定式化の一つと考えられている行列理論から重力を引き出す理論，に応用することが可
能である．本論文では，この創発重力の枠組みに上記の写像を応用することで，曲率が非自明な
空間においても創発重力と同様の結論が導かれることを示している．さらに，彼はこれらの異な
る２つの独立な体系間につながりがあることを，近似の範囲内であるが指摘した点も評価できる． 
プレゼンテーションに関しては予備審査の段階では，いくつかの問題を指摘されたが，本審査
においては，論文の結論を簡潔に述べることが出来ていた． 
本学位論文は既に掲載された２編の論文に基づいている．また，その他に技術的に関連した１
編の論文がある． 
以上，本論文は博士としての十分な内容であるので合格とする． 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
